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Confined longitudinal coherent acoustic phonon modes are excited and detected in a sub-lm-thick free-standing cubic GaN membrane by femtosecond pump-probe spectroscopy. After fs laser excitation, Brillouin oscillation and thickness oscillation with frequencies up to 100 GHz are observed and studied in the time domain. We found an initial expansion of the membrane upon optical excitation at 400 nm. Our experimental results confirmed earlier existing theoretical predictions and experimental observations that the hydrostatic deformation potential of cubic GaN is positive. Time-resolved pump-probe spectroscopy has been applied to study ultrafast carrier dynamics and phononic properties of various semiconductors, such as GaN, [1] [2] [3] [4] GaAs, [5] [6] [7] and Si. [8] [9] [10] [11] Among these, GaN is of great importance in optoelectronic and short-wavelength devices because of its widebandgap. [12] [13] [14] GaN has two crystal structures: wurtzite (hexagonal) and zinc-blende (cubic). Hexagonal GaN, as the stable phase of GaN and the mostly employed phase for light emitting diodes, has attracted most of the research efforts. Coherent acoustic phonons (CAPs) in hexagonal GaN-based materials have been intensively investigated by optical pumpprobe spectroscopy. 2, 3, [15] [16] [17] Recently, with the progresses in fabricating high-quality crystals, the metastable cubic-phase GaN (c-GaN) grown along the (001) direction has attracted much attention due to the absence of a spontaneous polarization and associated piezoelectric fields. [18] [19] [20] Moss et al. reported about the first picosecond acoustic measurement in a lm-thick c-GaN epilayer on a (001) GaAs substrate, where the CAP pulses are generated in an Al transducer. 4 Using this method, the longitudinal sound velocity, elastic constants, and the refractive index of c-GaN are obtained.
In this article, we prepared a sub-lm-thick free-standing c-GaN membrane. A free-standing membrane was chosen due to its potential applications in optomechanics 21, 22 and its general interest for fundamental research. [8] [9] [10] 23 The fabrication process of the membrane followed the one in Refs. 24 and 25, and the details are described in the supplementary material. 26 Confined longitudinal CAP modes in the GHz range are excited and detected in the membrane using femtosecond pump-probe spectroscopy based on asynchronous optical sampling (ASOPS). 27, 28 Instead of using a metallic transducer, we directly excite and detect the CAPs in c-GaN by two Titanium:sapphire lasers, where the central wavelength of pump and probe were both set to 800 nm and then frequency-doubled to 400 nm using BiBO crystals to reach the bandgap of c-GaN. The measurements were performed in reflection geometry, and the pump and probe beams were collinearly focused onto the membrane with a spot size below 2 lm at nearly normal incidence. The pump fluence is $0.4 mJ/cm 2 . After the absorption of the pump pulse, a large amount of non-equilibrium carriers is created. Acoustic phonons are created through the deformation potential (DP) and electron-phonon coupling, when the charge carriers transfer their excess energy to the lattice. The latter effect is described as thermoelastic (TE) effect. Since the main generation processes related to the photo-excitation of charge carriers are short compared to the phonon periods involved, a strain pulse consisting of longitudinal CAPs is generated and travels inside the membrane. The relative reflectivity change DR/R induced by the CAPs is detected by the time delayed probe pulses in a measurement window of f À1 pump ¼ 1:25 ns. 29 Because the optical quanta of the pump radiation, i.e., h ¼ 3.1 eV, is below the bandgap of c-GaN (E g ¼ 3.2 eV (Refs. 30 and 31)), the generation of CAPs in c-GaN is mainly through the DP.
Figure 1(a) shows the relative transient reflectivity change DR/R of the membrane. The observed drastic highamplitude transients in the reflectivity, which are taking place at the first hundred of picoseconds are presumably caused by the photo-excited charge carriers, while the acoustic contribution of much lower amplitude is clearly seen without any subtraction of the background contribution from the carriers (see inset in Fig. 1(a) ). The acoustic contribution consists of a high-frequency Brillouin oscillation 29 and a low-frequency triangle-wave-like oscillation. The Brillouin oscillation has a frequency of (96.5 6 0.5) GHz (Fig. 1(b) ). According to f Brillouin ¼ 2v GaN n GaN /k 0 , where v GaN is the longitudinal sound velocity, n GaN the refractive index of c-GaN, and k 0 the probe wavelength, we can extract the longitudinal sound velocity v GaN of c-GaN without knowledge of the membrane thickness d GaN . 29 Using k 0 ¼ 400 nm and n GaN ¼ 2.66, 30 v GaN is calculated to be (7.26 6 0.05) Â 10 3 m/s. The uncertainty in the estimated sound velocity is due to the finite width of the Brillouin spectral peak and the precision of the measurements of the Fig. 1(b) shows a series of discrete acoustic phonon modes, which correspond to the odd vibrational modes of the membrane. 8, 32 The frequency of the modes follows: f m ¼ mv GaN /2d GaN , where the mode number m ¼ 1, 3,…, and 11. The inset of Fig. 1(b) plots the frequency of the modes f m over the mode number m. Using v GaN , the thickness of the membrane is determined to be (780 6 7) nm, which is close to its nominal thickness. Furthermore, the longitudinal elastic constant of c-GaN is obtained:
GaN ¼ ð31662Þ GPa, where the density of c-GaN q ¼ 5.99 g/cm 3 has been used. 4 The Brillouin frequency in the membrane is slightly higher than that obtained from measurements on the supported c-GaN film (94.2 GHz). This discrepancy might be related to the release of the interfacial strain after etching away the GaAs substrate, where the interfacial strain leads to the longitudinal elastic softening. 33 Because of the large absorption depth in c-GaN at 400 nm, 30 the probe light partially reflects from both the front and back surfaces of the membrane, so the membrane can be considered as a Fabry-Perot etalon. For the vibrational modes in a free-standing membrane, only the odd modes cause the membrane thickness variation, which in turn modulates the reflectivity spectra. 32 Here, we designate the center of the membrane at z ¼ 0, while the free surfaces of the membrane are at z ¼ z 0 and z ¼ Àz 0 , respectively. Consider the vibration of the membrane as a damped harmonics oscillator, the displacement u m z ðz; tÞ of the odd modes after optical excitation can be written as
where s m the lifetime of the mode m. Thus, the thickness oscillations of the membrane caused by the odd acoustic displacement modes can by described by
where A m is the amplitude of the vibrational mode m. Dd corresponds to a symmetric vibration with respect to its middle plane z ¼ 0. At normal incidence, the stationary reflectivity R of the membrane is given by
where F ¼ 4r 2 =ð1 À r 2 Þ 2 with r ¼ jðn GaN À n air Þ=ðn GaN þ n air Þj is the reflection coefficient (n air is the refractive index of air), k 0 ¼2p/k 0 , and Dð¼ n GaN d GaN Þ the optical thickness. The argument k 0 D can also be written as ðpf Brillouin Þ=ð2f 1 Þ. At k 0 ¼400nm, the reflectivity R for different thickness values is shown in Fig. 2 , where the thickness variation of the membrane causes a concomitantly change in reflectivity
Equation (2) indicates that the relative reflectivity change of the probe light is not only proportional to the variation of the membrane thickness Dd but also proportional to the modulation of refractive index caused by the acoustic strain g zz ¼ Dd=d GaN . These two modulation mechanisms are the so called optical cavity thickness (OCT) modulation and photoelastic (PE) modulation, respectively.
8 Figure 3 shows the low frequency triangle-wave-like oscillation after subtracting the background. The theoretical result according to Eq. (2) is fitted to and compared with the experimental result in Fig. 3 . A 1/m 2 relationship for the amplitude of the odd modes, i.e., jA m j ¼ jAj=m 2 , and a phase shift / ¼ p are needed for the fitting. Note that A can be positive or negative for the cases where the photo-induced stresses cause the contraction, @E g =@P < 0, or expansion, @E g =@P > 0, of the membrane, respectively. In addition, the lifetime of the fundamental vibrational mode is extracted to be $1.7 ns, despite of the short measurement window ($1.25 ns). The fitting of the triangle-wave-like oscillation signal can be used to determine the sign of A by comparing the phases of the trianglewave part of the experimental DR/R with the phase of the triangle-wave-like oscillations predicted by Eq. (2) . Using the derived theoretical relations for fitting our experimental results, we found that in c-GaN the sign of the bandgap variation with pressure, @E g /@P, is the same as that of the sum (n GaN þ @n GaN =@g zz ). This finding is in accordance with earlier existing theoretical predictions 31, [35] [36] [37] [38] and experimental observations 39 that @E g /@P is positive and @n/@P is negative, thus @n/@g zz is positive. It is worth mentioning that the theoretically predicted negative value of @n/@P are obtained for the transparency region of c-GaN, 31, 36, 37 hence can be applied to evaluate the sign of @n/@P for our probe radiation, which is below the bandgap of c-GaN.
In conclusion, we prepared a free-standing c-GaN membrane and its coherent acoustic phonon dynamics is studied by femtosecond pump-probe spectroscopy in a measurement window of $1.25 ns. The simultaneous observation of the Brillouin oscillation and the confined acoustic phonons modes in the membrane provides us a way to measure the thickness of the membrane with high accuracy. The ultrafast thickness oscillation is also observed and its contribution to the relative reflectivity change DR/R is analysed in the time domain. We obtain a positive value for the deformation potential of c-GaN. 
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